The dynamics of photodissociation of propenal at 193 nm are studied by detecting laser-induced fluorescence of nascent fragment HCO in its transition B 2 AЈ -X 2 AЈ. Rotational states up to N ϭ30 and Kϭ3 of HCO X 2 AЈ are populated and vibrational states ͑000͒, ͑010͒, and ͑001͒ are detected. The K a ϭ1 doublet states and the two spin states for all vibrational levels detected are nearly equally populated. Much less rotational excitation is observed than the distributions calculated on a statistical model-phase space theory. This implies that dissociation occurs from the triplet channel with a small exit barrier. Small rotational excitation arises from the repulsive part of the exit barrier and the geometry of the transition state on the triplet surface. Experimental data yield an energy partitioning with translation, rotation, and vibration of HCO at 3.0, 1.3, and 1.5 kcal/mol, respectively, in total accounting for 11.5% of available energy. These results indicate that the other fragment C 2 H 3 has 3.2 kcal/mol of translation and 42.5 kcal/mol of internal energy; hence, most C 2 H 3 is expected to undergo secondary dissociation to C 2 H 2 and H. Because the appearance of HCO is faster than that calculated based on the Rice-Ramsperger-Kassel-Marcus theory, other decay pathways dominate the pathway of the radical channel from the triplet surface.
I. INTRODUCTION
Propenal ͑acrolein, H 2 CvCH-COH) is observed in the troposphere and is known to be a lachrymator in smog of Los Angeles type. 1, 2 Both theoretical and experimental groups [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have investigated the photochemistry of propenal. In its electronic spectrum it absorbs weakly in a system starting around 412 nm, followed by another transition near 387 nm; they are assigned to be n→* transitions. 1 In the near-UV region, Coomber and Pitts 4 reported a low yield of dissociation to COϩC 2 H 4 ͑molecular channel͒ and to C 2 H 3 ϩHCO ͑radical channel͒; they concluded propenal is resistant to photodecomposition; for this reason it exists as a pollutant in the atmosphere in both day and night periods. Small fluorescence and phosphorescence yields even at low excitation energy were observed. Becker et al. 5 attributed these small yields to rapid internal conversion to S 0 and intersystem crossing to T 1 , which lies close to S 1 . Measuring the vibronic spectrum of S 1 , Paulisse et al. 6 determined a lower limit for the S 1 vibronic origin from linewidth to be 1.8-2.1 ps. Using CASSCF computations at the 6-31G* level, Reguero et al. 7 suggested an efficient intersystem crossing from S 1 to the triplet manifold. At a slightly greater energy the S 1 state proceeds to S 0 via a conical intersection S 1 /S 0 located approximately 87.9 kcal/mol from the ground electronic state of propenal.
Propenal exists as a mixture of two isomers, s-cis and s-trans. The s-trans conformer is more stable by approximately 2.3 kcal/mol; at 296 K, 96% of a mixture is s-trans. 9 Becker et al. 5 concluded that cis and trans states arise for both n -* and -*, but the large potential barrier precludes photoisomerization before electronic relaxation.
In this laboratory, Jen and Chen 10 detected fragment HCO after photolysis near 300 nm; from the onset of HCO yield versus excitation energy, they determined the threshold of formation to be 95.9Ϯ0.6 kcal/mol. They proposed that the radical products emanated from the triplet surface. With a relatively low yield of HCO formation and prompt appearance after photolysis at energy in this region, they suggested that relaxation of the excited state to the ground electronic surface competes well with dissociation to form radical products.
With excitation at wavelength 193 nm, the electronic state S 2 is accessed; this state has a mixed character *(CvC) and (CvO); hence the C-C bond, originally a single bond in the ground state, increases its bond order greater than unity. 3, 11, 12 Direct dissociation from S 2 becomes impossible; predissociation from internal conversion to the S 1 is proposed. Shinohara and Nishi 13 investigated the dynamics of photofragmentation of propenal in a supersonic molecular beam; they found only one primary channel C 2 H 3 ϩHCO, with HCO formed in its first electronically excited state. Lin et al. 14, 15 used a CO laser to measure distributions of vibrational energy of CO after photodissociation of propenal and isomer methylketene at 193 nm; they found highly vibrationally excited CO and similar distributions of internal states from both molecules, and concluded that propenal isomerizes to methylketene before dissociation. Lessard and Rosenfeld 16 reported the energy distributions of CO from propenal photolyzed at the same wavelength; they measured vibrational excitation of the CO fragment with a a͒ Author to whom correspondence should be addressed. Electronic mail: icchen@mx.nthu.edu.tw tunable diode laser and reported that the translational, rotational, and vibrational degrees of freedom can be described with effective temperatures 1380, 2750, and 2230 K, respectively. CO is considered to form via a two-step mechanism in which radical HCO is formed with great internal energy before dissociating to form CO, in contrast to results reported by Lin et al.
Hass et al. 17 used photofragment-translation spectroscopy to investigate dissociation of propenal photolyzed at 193 nm; they reported three primary channels: hydrogen cleavage to HϩH 2 CvCHCO, molecular products C 2 H 4 ϩCO, and radical products C 2 H 3 ϩHCO. According to their measured translational energy, most available energy is channeled into internal degrees of freedom of fragments; hence photochemical dissociation proceeds not through a single direct mechanism but initially to a predissociative state from which dissociation channels become accessible. Because fragments have much internal energy, CO can be a secondary product from H 2 CvCH-CO→H 2 CvCHϩCO, as indicated from the result that most product H 2 CvCH-CO decays almost quantitatively.
The aim of this work is to detect radical fragment HCO and its energy content from propenal photolyzed at 193 nm. According to work, in this 18, 19 and other laboratories 20,21 the populations of rotational states of HCO can be extracted from the intensity of fluorescence in the transition B 2 AЈ -X 2 AЈ. Distributions of internal states of fragment HCO are expected to show the fraction of HCO produced in stable form, and to elucidate the conflicting interpretations from previous workers. Because distributions among internal states reflect the potential energy surface of dissociation, possibly the interactions among electronic states of unsaturated carbonyl compounds in competing with dissociation channels can be understood.
II. EXPERIMENTS
Propenal ͑Merck 95%͒ was separated from water and stabilizer ͑hydroquinone͒ on distillation at Ϫ30°C, then was kept below 0°C (vapor pressureϷ88 torr). Helium as a buffer gas was bubbled through the sample to attain a total pressure 1200 torr. This gaseous mixture was then expanded through a pulsed valve ͑General Valve, diameter 0.5 mm͒ to form a molecular jet.
An ArF excimer laser ͑Lambda Physik, COMPex 100͒ served to excite propenal to the S 2 state. This photolytic beam intersected the molecular jet 1.2-1.5 cm from the nozzle. A second dye laser ͑Continuum Nd60, dual gratings, Coumarin dyes 503 and 540͒ pumped with an Nd:YAG laser ͑Continuum NY-81C͒ generated pulses with energy 10-15 mJ for wavelength range 515-546 nm. The frequency was doubled in a BBO crystal to yield the UV beam with energy 0.5-1.0 mJ/pulse. The dye solution was diluted to produce optimal resolution for the output of the dye laser. The resolution for the probe beam at the fundamental frequency was evaluated from the bandwidth of the fluorescence spectrum of I 2 to be 0.075 cm Ϫ1 . This laser beam served to excite HCO to state B 2 AЈ. Because of the large absorption coefficient of propenal at 193 nm, the power of the photolysis laser was attenuated to 1.4-1.6 mJ/pulse ͑beam diameter 3 mm͒; this energy was verified to be within the linear region for production of HCO. Fragment HCO appeared promptly within the 193 nm pulses. Both laser pulses overlapped spatially in the interaction region and were delayed 500 ns during recording of fluorescence spectra of HCO to avoid scattered light and electronic interference from the photolysis laser.
The total emission of HCO was detected with a photomultiplier ͑EMI 9658R͒; a signal then was amplified approximately 30 times with a rapid-response preamplifier. Bandpass filters ͑UG11, 3 mm and WG-355, 3 mm͒ were used to eliminate scattered light from laser pulses. For each vibrational level of HCO, at least five scans of entire spectra were recorded on separate days; each data point was averaged over 40 laser shots. All signal intensity was normalized over the laser power of the probe beam. The bandwidth of fluorescence spectra of HCO is ϳ0.20 cm Ϫ1 according to the combined width of the probe laser and the Doppler spread; this width implies a small translational energy released from dissociation.
III. RESULTS
Detailed analysis of spectra for the transition B 2 AЈ -X 2 AЈ of HCO was reported previously. [22] [23] [24] [25] Spectra from vibrational levels (v 1 ,v 2 ,v 3 )ϭ(000), ͑010͒, and ͑001͒ of X 2 AЈ to a common upper state (000) B 2 AЈ were recorded to obtain the rovibrational populations for HCO X 2 AЈ. Spectra of band 1 1 0 were not observed because of nearly zero Franck-Condon factor. 26 Line positions of 31 assignments were made accordingly. Figure 1 shows a spectrum of the transition B 2 AЈ -X 2 AЈ 3 1 0 for nascent HCO from propenal on photolysis at 193 nm near the bandhead and in the region of low frequencies; in this region transitions to states with high J are located. All experimental spectra show that spin states F 1 and F 2 and K doublets from asymmetry splitting are nearly equally populated. The bandwidth slightly greater than that obtained for I 2 transitions indicates that Doppler broadening resulting from dissociation of propenal at 193 nm is smaller than that of HCO from acetaldehyde photolyzed at near 300 nm. 19 Partially overlapped lines were deconvoluted to yield the intensities of individual transitions.
We calculated the relative populations of rotational states of HCO from fluorescence intensity after correction for fluorescence quantum yields and oscillator strengths for various rotational states of B 2 AЈ. 18 The effect of axis switching from the vibrational levels ͑010͒ and ͑001͒ is assumed to be similar to that from the ground vibrational state ͑000͒. The population of rotational states of nascent HCO was calculated from spectral intensities of various branches. Figure 2 displays the distributions of rotational population of HCO for vibrational levels ͑000͒, ͑001͒, and ͑010͒ and the best curves fitted to Gaussian functions. The experimental distribution has a maximum near Nϭ8 -10 and extends to Nϭ24-32. For level ͑000͒ the populations for Kϭ0, 1, 2, and 3 are 0.39, 0.28, 0.21, and 0.12, respectively; the other two vibrational levels show a similar distribution for the K states. Figure 3 shows Boltzmann plots of rotational populations of HCO for the three vibrational levels; plots for the lower two vibrational states are clearly non-Boltzmann. In order to assess the distributions, we fitted the populations for states with Nу5 to Boltzmann temperatures 575Ϯ36 K, 352 Ϯ19 K, and 307Ϯ12 K for levels ͑000͒, ͑001͒, and ͑010͒, respectively.
Hass et al. 17 observed that dissociation for radical products is isotropically distributed. On this basis we estimate an upper bound for the translational energy from the spectral width of the measured data; the translational temperature is estimated to be T trans ϭ1010 K for HCO. From conservation of momentum, the translational energy of fragments is calculated to be 6.2 kcal/mol. For both products the translational energy accounts for 12.1% of available energy in agreement with a result 12.8% from experiments on molecular beams. 17 Because only the lowest three vibrational levels were measured, we calculated the relative populations of those vibrational states after correction for the Franck-Condon factors. 26 The measured values for HCO vibrations are plotted in Fig. 4 and fitted with a Boltzmann temperature 1142 Ϯ150 K. This distribution seems to display no specificity of vibrational mode. Because the measured vibrational distribution seems not to deviate significantly from a Boltzmann distribution, we used this fitted temperature to estimate the average vibrational energy of fragment HCO that is 1.5 kcal/ mol, 3.0% of available energy. With this obtained vibrational population, we calculated an average rotational energy of HCO to be ͗E rot ͘ϭ1.3 kcal/mol ͑465 cm Ϫ1 , 2.6% of available energy͒. In general, the energy content of HCO is low for so much available energy, 51.5 kcal/mol. Hence significant energy, 42.5 kcal/mol ͑82.5% of available energy͒, is left for the other fragment C 2 H 3 . The measured energy partitioning in fragments is listed in Tables I and II. It requires 15.9-16.5 kcal/mole for HCO to undergo secondary dissociation. 26, 32, 33 From the vibrational distribution, we estimated that less than 2.5% of HCO underwent secondary dissociation to HϩCO. The experimental data imply a significant proportion of C 2 H 3 with energy greater than its dissociation threshold 33 kcal/mol 34 to form C 2 H 2 ϩH. With this energy some acetylene is predicted to be produced in vibrationally excited states. The energy of secondary products relative to HCO and C 2 H 3 is shown in Fig. 5 .
FIG. 2. Measured distribution of rotational state
u ͑᭠͒, and 3 ͑᭞͒ of nascent HCO for vibrational level ͑a͒ ͑000͒, ͑b͒ ͑001͒, and ͑c͒ ͑010͒ from propenal photolyzed at 193 nm. The line represents the best-fit Gaussian curve to states with Kϭ0 and 1.
IV. DISCUSSION

A. Dynamic model
We use a statistical model, phase space theory [35] [36] [37] [38] ͑PST͒, to analyze the experimental data. According to this model one assumes that total energy and angular momentum are conserved during dissociation. Access to each product state is equally probable. Maximum orbital angular momentum between fragments is constrained, resulting from the centrifugal barrier and conservation of total angular momentum, whichever is smaller. Here a value C 6 ϭ5 ϫ10
5 cm Ϫ1 Å 6 in the attractive part of the Lennard-Jones potential function is assumed. As for ketene, 39 the calculated distributions seem unaffected by the value of C 6 varied within an order of magnitude. In this calculation we took the vibrational frequencies of vinyl radical from results by Letendre et al. 40 Because C 2 H 3 has nine vibrational modes, to decrease the computing time and to make the computation feasible, we combined the greatest three vibrational frequencies to be triply degenerate. In addition, the thermal energy of the parent molecule was assumed to be the most probable energy at temperature 10 K and with a total angular momentum quantum number Jϭ4.
We performed calculations on all three vibrational levels of HCO. Figure 6 shows a distribution calculated for level ͑010͒. All calculated distributions show a most probable population at NϷ30, extending to NϷ80 for Kϭ0 -3. The thermal energy and initial angular momentum of parent molecule are negligible compared with the available energy and with the rotation of fragment calculated, and are expected not to affect the results of calculation. With such a large available energy we expect a statistical model to yield large populations for states with large J. The experimental data clearly show too little rotational excitation. For vibration the calculated population shown in Fig. 4 has a Boltzmann temperature 1245Ϯ610 K, which agrees with the observed value. ͗E rot ͘ϭ465 (2062) a Calculated value with phase space theory in parentheses.
B. Energy and geometry calculated with density functional theory
Because propenal is the simplest unsaturated aldehyde, it has been the subject of many theoretical studies for some decades. 7, 8, 12 Reguero et al. 7 performed an extensive CASSCF study of photoisomerization, the crossing points on the ground electronic state and three low-lying singlet/triplet states; the structures at these points were determined. For a dissociative pathway related to these electronic surfaces, Fang 12 performed extensive ab initio calculations with a large basis set to yield profiles of the energy surface for formation of products from molecular, radical, and hydrogen channels. Fang suggested that radical products are from the triplet surface although they also correlate to the ground electronic surface. According to those calculations, the triplet surface has a reverse dissociation barrier about 13 kcal/mol. Energetically, radical products C 2 H 3 ϩHCO form 96.4 Ϯ3 kcal/mol above the zero point of propenal. 17 We previously determined the position at the top of the dissociation threshold to be 298Ϯ2 nm ͑95.9Ϯ0.6 kcal/mol, 33 560 cm
Ϫ1
). 10 In view of a deviation 12 kcal/mol in the calculated enthalpy for C 2 H 3 ϩHCO, the product side needs to be moved up, and the reverse barrier is expected to be smaller than the calculated and near the experimental value. A schematic diagram for the potential energy surfaces correlated to radical products appears in Fig. 7 .
We carried out quantum-chemical calculations with density functionals, 41, 42 B3LYP/aug-cc-pVTZ, on the lowest triplet states ͑s-cis and s-trans, n -*, -*), the ground electronic state, and their correlations with products. We calculated vibrational frequencies for the transition state to estimate the dissociation rate for all possible channels. The geometries of 3 n* and 3 * shown in Fig. 8 are similar to those of Fang;
12 state 3 n* is planar, and state 3 * has the CH 2 moiety rotating about 90°from the molecular plane. According to results of calculation the radical products dissociate from the parent molecule with the moiety CH 2 remaining in plane. Hence the triplet surface correlating to radical products is 3 n*. The geometry of a transition state for state 3 n* was calculated and is shown in Fig. 9 . With B3LYP/aug-cc-pVTZ, we found an H-cleavage channel with barriers at 31 300 and 31 057 cm Ϫ1 from the zero point of the ground electronic state of propenal for s-cis and s-trans isomers, respectively. These values are slightly greater than those calculated by Fang. 12 On the ground electronic surface the position of the transition state correlating with molecular channel C 2 H 4 ϩCO lies at 84.7 kcal/mol above the origin of S 0 , similar to that of Fang. Isomerization to methylketene (CH 3 C͑H͒vCvO) was calculated and found to lie at 550 cm Ϫ1 below the zero point of the ground electronic state of propenal with a barrier 24 350 cm Ϫ1 . For electronic excited states S 1 ( 1 n*) and T 1 ( 3 *), Fang investigated the methylketene-propenal isomerization and found that to lie at 35.6 and 37.4 kcal/mol from the origin of S 1 and T 1 , respectively. 
C. Dissociation dynamics and relaxation mechanism of excited propenal
Disagreement between measured and calculated rotational distributions for HCO based on the phase space theory indicates that dissociation follows a pathway with an exit barrier. The rotation of fragment HCO is controlled by the repulsive part on the exit side of the surface. Given the calculated potential surfaces, these results imply that fragment HCO is from the triplet channel. The reverse barrier is small on the triplet surface; hence the translational energy in fragments is expected to be low, consistent with experimental data. If one assumes rotation on HCO from the torque to be given by the repulsive force between two fragments without randomizing among other degrees of freedom beyond the saddle point for dissociation, from displacement vectors of the transition state on surface 3 n shown in Fig. 9 the torque exerted from the repulsive force on the C and O atoms of HCO may cancel each other and produce little rotational excitation.
Because the location of the transition state on the triplet channel is close to the exit channel, energy can be distributed statistically among vibrational degrees of freedom before the saddle point, but rotation is more sensitive to the shape of the exit barrier. Vinyl radical has vibrational degrees of freedom many more than those of HCO, and some modes have low frequencies. The vinyl radical can thus retain much more energy than HCO. For this reason C 2 H 3 acquires most of the available energy.
With the calculated vibrational frequencies we estimated the dissociation rate of triplet propenal to be 1.6ϫ10 5 s
Ϫ1
based on the Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ theory. 43 However, from the prompt appearance of fragment HCO indicates a decay rate of excited triplet propenal to be у2ϫ10 8 s Ϫ1 which is much greater than the estimated dissociation rate. Upon excitation the S 2 state is accessed, propenal promptly internally converted to S 1 then underwent rapid intersystem crossing to state 3 . Possibly, excited molecules converted, via the crossing point 3 / 3 n, to state 3 n then a small proportion dissociated but most molecules underwent intersystem crossing to the ground electronic surface at a rate greater than 2ϫ10 8 s Ϫ1 . Less rotational excitation of HCO indicates the dissociation channel is the triplet surface but the appearance rate shows that other decay pathways dominate. The proposed relaxation and dissociation pathways of S 2 are summarized in Fig. 10 .
Given the vibrational distributions obtained from the present work, population decreases rapidly with increased vibrational energy; small amount of available energy distributed to fragment HCO. Hence secondary dissociation from HCO is expected to provide little CO. Isomerization to methylketene is possible either on the 3 surface as suggested by Fang 12 or on the ground electronic surface as calculated with density functional theory. Based on comparison of the number of transition states on both channels, the rate of isomerization is slower than that for formation of molecular products. According to experiments on molecular beams, 17 most product CH 2 CHCO from the H-cleavage channel dissociated before reaching the detector; this route provides another source of products CO and C 2 H 3 . Future work on detecting CO will elucidate this issue and provide additional evidence on the dissociation mechanism.
V. SUMMARY
We measured the energy content of HCO after photolysis of propenal at 193 nm. The nascent HCO was formed energetically cold, indicating that most energy distributed into the other fragment C 2 H 3 , mainly in its internal degrees of freedom. The reason is that C 2 H 3 has many vibrational modes that tend to retain much energy. HCO was found to be less rotationally excited than results calculated on a statistical model-phase space theory. Dissociation to form frag- ment HCO occurring on the triplet surface with a small exit barrier is proposed according to the results from this and other theoretical work. Overall in the near UV region, dissociation is slower than relaxation among electronic states. After photoexcitation near 300 nm or 193 nm, propenal accesses state S 1 directly, and then proceeds efficient intersystem crossing to the triplet manifold. It is observed that excited molecules rapidly relax to the ground electronic surface, hence prompt appearance of fragment HCO indicates fast disappearance of the excited state.
